This report presents the results of a sky detection technique used to improve the performance of a previously developed partial differential equation (PDE)-based hazy image enhancement algorithm. Additionally, a proposed alternative method utilizes a function for log illumination refinement to improve de-hazing results while avoiding overenhancement of sky or homogeneous regions. The algorithms were tested with several benchmark and calibration images and compared with several standard algorithms from the literature. Results indicate that the algorithms yield mostly consistent results and surpasses several of the other algorithms in terms of colour and contrast enhancement in addition to improved edge visibility.
Introduction
Images scenes acquired in poor weather are affected by scattering and light absorption by particles suspended in the atmosphere and exhibit hazy appearance [1] . These images with poor contrast and visibility, need to be restored by de-hazing techniques, which can be based on multiple or single image methods. These can be achieved by physical hardware/optical or digital or software-based medium and perform visibility restoration revealing details in the image scenes [1] . Software-based single image de-hazing algorithms are cheaper, faster and easier to devise and implement and are preferable to multi-image de-hazing and physical, optics-based methods. These latter schemes are unfeasible, expensive and time-consuming for most existing hazy image scenes due to unavailability of image data under varying conditions and factors. Thus, the proliferation of single image de-hazing algorithms is unsurprising and constitute a sizeable portion of the image de-hazing literature [ [19] .
Single image de-hazing methods are usually grouped under restoration-or enhancement-based frameworks [1] . The enhancement methods are based on application of image contrast enhancement algorithms from a variety of domains to solve the de-hazing problem. Examples of algorithms in this group include contrast limited adaptive histogram equalization (CLAHE) [20] , Retinex [8] [13] [16] in addition to variational contrast-based de-hazing [21] and recent partial differential equation (PDE)-based formulations [22] . However, these methods by default, generally result in colour distortion [13] or over-enhancement of hazy images, grey-world violation and halo effect in Retinex-based methods. This is in addition to over-exposure or over-enhancement of sky regions and under-exposure of dark regions, resulting in dark images.
The restoration-based approach is based on the physical hazy image formation model, which results in the recovery of the radiance map as the original, haze-free image [1] . However, due to the fact that de-hazing process is an illposed, under-constrained problem, several attempts to model the degradation prior (from which the radiance image is recovered), have been proposed [1] . The key works that have arguably made the restoration-based approach more popular are those by Tan [1], Fattal [2] [3] , and the dark channel prior (DCP) method by He, et al [4] . The DCP-based methods exhibit visible halo effects and darkening of image results. Several solutions have been proposed to address this problem [23] [17] [5] [24] [23] [25] [7] [26] [11] with mixed results as most algorithms aim to improve the results based on pre-or post-processing combined with existing (or modifications of the) DCP-based framework [10] . Some examples include improved dark channel prior (IDCP) [17] , improved atmospheric scattering models [27] , regression model [28] , Graph cut method [29] and adaptive bi-channel priors on super pixels [30] . Other works include those based on sky segmented DCP [31] , large sky region segmentation and multiscale opening dark channel model [32] , and segmentation [7] [26] [33] , fusion [34] [35] , geometry [36] , Weighted Least Squares [37] and high dynamic range (HDR) tone mapping [38] . Additional works are those utilizing variational- [39] [40] [35] [41], regularization- [26] [42] [43] , retina- [44] multi-scale convolutional neural networks- [45] based methods. Other problems introduced by several of these algorithms range from increased computational complexity to manual tuning of numerous parameters, rendering them impractical for batch processing of diverse, hazy images. Furthermore, several perform minimal enhancement of hazy images.
A previous PDE-based formulation for hazy image enhancement was presented in previous work and yielded good results [22] . However, it also introduced additional issues, which were addressed. One of the key issues was the image darkening and over-enhancement problem. This was addressed by determining which of either the illumination or reflectance channel to process. However, there was no automated method for determination of which component required enhancement and results were manually determined. In the current work, automated sky detection and enhancement and log illumination refinement schemes were proposed [46] and extensive experiments utilizing several benchmark images indicated improvements in the results over the previous proposed scheme. Additionally, image and quantitative metric-based comparisons with several algorithms from the literature showed that the scheme performed more consistently and better than several works from the literature. Moreover, the results are presented in this work to provide extensive evidence of the claims of the proposed approach.
The rest of the paper is as follows; the second section provides relevant background on image de-hazing algorithms. The third section presents the proposed modified algorithm and novel key features. The fourth section presents the results of experiments and comparisons with established works from the literature. The final section presents the conclusions.
Prior related work
The segmentation-based schemes were developed to solve the problem of sky region over-enhancement as this is caused by the non-uniformity of haze across sky and non-sky regions [5] . The improved DCP (IDCP) by Xu, et al [17] and a soft threshold proposed by Liu, et al [11] attempted to solve the problem by using a hard threshold. This was followed by the adaptive sky detection and preservation scheme for de-hazing by Dai et al [5] and a haze density aware de-hazing scheme using adaptive parameter based on exposure and YCbCr colour saturation adjustment by [9] . Subsequently, Mao, et al [25] proposed a haze degree detection and estimation method for hazy images. The sky detection and segmentation-based schemes help improve DCP results by reducing halos, etc. However, several of these schemes can also result in minimal contrast enhancement, colour distortion, under/over-enhancement of sky and detail regions, yielding darkening and discolouration in de-hazed images. For example, the method by Anwar, et al (WLS and high dynamic range (HDR) tonal mapping post processing method) [38] , causes colour distortion and greying out of sky regions, while the method by Ju, et al (improved atmospheric scattering model) [27] results in discolouration in addition to halo effects with considerable haze still present in some images and sky region overenhancement. Additionally, some of these algorithms are highly complex and require the selection and tuning of several parameters. For example, the work by Liu, et al (large sky region segmentation and multiscale opening DC model) [32] requires training of a two-class classifier to determine sky/non-sky region pixels and also results in discolouration/artificial colours for sky region while haze is not always adequately removed. Furthermore, the method by Gu, et al (Average Saturation Prior (ASP) combined with improved atmospheric scattering models and guided total variation model) [47] requires that key parameters are obtained via training with vast amounts of hazy image data [47] . In addition, performance depends on the clustering number, k, based on the k-means algorithm utilized, which requires that results are to be refined using Markov Random Field (MRF) model [47] .
Proposed algorithms
The proposed algorithms are the sky detection and enhancement scheme (SDS) followed by the log illumination refinement scheme (LIR/LIRS) [46] . Both are meant to be utilized by the previously proposed PDE-based formulation of Retinex and CLAHE combination (PA-2), which allows the use of the illumination/reflectance (I-R) model to enhance images [22] . The SDS is the more complex of the two and is composed of three key stages namely; gradient/homogeneity map evaluation, thresholding and binary region/area computation and homogeneity ratio calculation. This ratio value is utilized in a decision stage-based version of PA-2. The diagram for the proposed sky detection algorithm is shown in Fig. 1 .
Sky detection and enhancement (SDS)
The gradient/homogeneity image depicts the changes in the image scene composed of homogeneous (smooth) regions and non-homogeneous (detail) regions. These are normally characterized as low frequency and high frequency components in the Fourier domain or illumination and reflectance components in the spatial domain using the I-R model. They can also be denoted as non-edge and edge-based regions in the gradient domain. Thus, the smooth regions will have mostly constant values, thus the image gradient is zero (|∇ | = 0) in these regions. Conversely, the detail (non-smooth) regions will have a non-zero gradient (|∇ | > 0). These two regions are best resolved in binary terms as black and white regions, where the dark areas are inactive/constant regions, while the light areas are the active regions/zones. Thus, computing the number of pixels in each region determines the area and its contribution to the entire image scene. This is then followed by the binary thresholding/segmentation to simplify the required data needed for the decision stage. The binary image then allows us to compute the black and white regions to compute the homogeneity ratio. If the image has minimal or no sky regions, we expect the dark pixel area to be extremely miniscule, if not close to zero and conversely, the white pixel area should contribute almost the entire pixels in the image. Thus, the homogeneity ratio is the ratio of black pixel area to white pixel area and is nearly zero for images with minimal or no sky regions and greater than zero for images with considerable sky regions. This is presented in the classification-based verification of the proposed method using a specified hazy image dataset.
The edge detection and thresholding algorithms utilized are crucial to the final result and there are several possible methods to compute the gradient map and aid the thresholding operation. The gradient map can be obtained using linear spatial filter kernels, such as Sobel, Prewitt, etc [48] . or non-linear methods using statistical methods of dispersion in addition to fuzzy-rule-based edge detection schemes. Additionally, the thresholding can be performed using algorithms such Otsu [49] , Entropy [50] , ISODATA [51] , fuzzy c-means clustering methods [51] , etc. Thus, the mode and objective of preliminary experimentation here is to determine the best edge detection method and combine with the best thresholding algorithm all within the context of run-time and reliability. Subsequently, the system is implemented, verified for consistency and actually improves upon the previous algorithm.
In experiments, the non-linear filters were the most flexible, while the linear filters where the least flexible. However, this presented another problem; the need to determine the optimum window size of the non-linear filter that yields best results for all images without considerable increase in computational complexity. This would enable the avoidance of morphological region growing algorithms and reduce the execution time of the algorithm. 
Selection of edge detection algorithm
In this section, we compare the known edge detection algorithms to obtain the best possible results in terms of edges and runtime. The edge filter algorithms tested include;
 Roberts, Sobel, Prewitt, Canny, Logarithm of Gaussian (LoG) and Zero-crossing filters [48] .  Statistical filters such as Standard Deviation (SDF), Median Absolute Deviation (MADF), average absolute deviation (AADF), Range (RF), Interquartile Range (IQRF) and Mean Difference (MDF) and Relative Mean Difference (RMDF) filters [48] and Fuzzy edge detection filters [52] .
We focus on the statistical edge detectors and the comparison and plots of the runtimes of the statistical edge filters in relation to window size is shown in Fig. 2 and 3 . The linear edge detectors were deselected due to lack of flexibility and the output is a linear combination of the inputs, thus increase in size increases noise around edges as seen in Fig.  4 and false edges are created. Thus, the linear detectors seem to work best in the absence of haze. Based on the experiments, the linear edge detectors were the fastest with least complexity while the fuzzy edge detectors were the most complex but more effective at capturing larger regions when thresholded, thus eliminating the need for morphological region growing or shrinking operations. For the statistical operators, they were moderately complex and were adjustable in terms of window size, which enabled them to capture larger regions as well. However, increasing window size also increased computational complexity, raising the number of operations per pixel. Also, though the range filter consistently has the lowest runtime and highlights edges more, it introduces blocky effects for large window regions, unlike the others. Apart from the MDF and RMDF, the rest show good blending of edge regions, though AADF is blurrier while the IQRF is the best though its runtime is the highest. This leaves MADF and SDF, though the former requires much more runtime and operations than the SDF. Thus, we select the SDF as the best compromise. The fuzzy-based and linear edge detectors represent the extremes of best accuracy but highest complexity and least effective but fastest and lowest complexity. Additionally, the rule-based fuzzy edge detectors are still mostly based on the linear edge and some statistical edge detectors. We also explored various binary thresholding algorithms and chose Otsu's method [49] due to its performance and the fact that the edge detection scheme is key to obtaining an accurate homogeneity map, based on experiments.
Log illumination refinement
The logarithmic illumination refinement basically finds and updates pixels less than the maximum log illumination value with the maximum value and passes this on to the previously proposed algorithm (PA-2) [46] . Thus, this scheme is less computationally intensive than the SDS scheme but also less adaptive and can lead to colour fading in attempts at haze removal. This scheme is a more direct approach at hazy image illumination-based enhancement.
Experiments and results
We now present the results of experiments for the proposed addition to PA-2. [60] , colourfulness (C) and color enhancement factor (CEF) [61] , ratio of visible edges, Qe, (ROVE), ratio of black and white areas, σ (RBWA) in addition to mean structural similarity index (MSSIM) [62] , Peak Signal to Noise Ratio (PSNR), Mean Absolute Error (MAE) and Mean Square Error (MSE). We also verify the algorithms using fuzzy cmeans clustering to classify the obtained ratios and evaluate accuracy of the measure. Results are presented accordingly.
FRIDA3 dataset
This dataset consists of 66 synthetic images each of both left and right views with and without fog, resulting in about 264 images. It can be used to calibrate and benchmark de-hazing algorithms. Additionally, because the reference images exist, full-reference metrics such as SSIM, PSNR are applicable here. Fig. 5 shows the classification results using fuzzy c-means clustering algorithm to verify the validity of the SDS method. As expected, all values greater than zero are classified as having some sky region, which is true of all the images in this dataset. Table 1 and show that the PA2+SDS method yields the best results for most of the measures utilized and the quantitative metrics appear to corroborate the visual results.
FIDA dataset and benchmark images
The FIDA dataset consists of 13 images while the benchmark images include those normally used in de-hazing experiments (in addition to images from the internet) to test the efficacy of the algorithm. The designation of a sample of the image homogeneity maps and ratio computation are presented in Fig. 7 and compared with the actual images.
The classification results are also presented in Fig.8 using fuzzy c-means clustering algorithm [51] to compare assumptions. In this case, some images do not have sky regions and have a ratio of zero, as expected. The images obtained from the internet all have sky regions since they are aerial views of cities with skyline views. We also present results of the algorithms against several other algorithms from the literature in Fig. 9 . Results show that the proposed approaches help improve the results of PA-2 and also surpass the results of several other algorithms as shown.
We also compare results against methods by Fattal, He, Kopf, Tan, Tarel and Zhu for the colour images in the FIDA dataset in Fig. 10 . The most colourful results are from PA-2+SDS, PA2+LIRS, Tan and PA2, though PA2 shows overenhancement of colour, while Tan doesn't yield as much detail (mountain region of last image) compared to the proposed schemes. (1)
(2) Fig. 9-(1 [59] , PA2 [22] , PA2 + SDS and PA2 + LIR We also compare the results of processed greyscale images from the FIDA dataset with the same algorithms from Fig.  10 in Fig. 11 and the proposed schemes yield the some of the best contrast enhancement in addition to Tarel's method. However, PA-2 yields over-enhanced sky region, which is avoided by PA2+SDS and PA2+LIRS.
We compare the proposed improvements with various algorithms from the literature for the popular benchmark images in Fig. 12 and observe that they yield mostly consistent results compared with the other methods. We also compare the execution times of the proposed schemes with methods by He, et al, Zhu, et al and Ren, et al in Fig. 13 and though the algorithms are not as fast as the others, they are quite effective based on the amount of improvements observed in their image results. 
Conclusion
This report has presented the results of a sky detection and enhancement technique and an alternative log illumination refinement scheme [46] for improvement of results of a previously developed PDE-based hazy image contrast enhancement algorithm [22] . The schemes have been verified using benchmark image datasets based on visual and quantitative evaluation. However, the schemes contribute to the execution time of the system. Future work will be based on reducing the run-time and computational complexity of the algorithms, while improving their effectiveness. 
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